Additional index words. Brassica oleracea, soil nutrient levels, dry matter yield, residual nutrient levels Abstract. A greenhouse pot study was conducted with a Wynnville sandy loam surface soil to determine the influence of application rates of poultry litter (PL) on growth and nutrient uptake of collard (Brassica oleracea, Acephata Group L., cv. Champion), and the residual effects of PL on growth and nutrient uptake of cabbage (Brassica oleracea, Capitata Group L., cv. Rio Verde). PL at 0, 13, 26, 53, and 106 g•kg -1 was incorporated into limed (pH 6.5) and nonlimed (pH 5.2) soil. Collard plants were grown for 52 days. The residual effects of PL were evaluated by growing three successive crops of cabbage without further application of PL (total 218 days). Collard plants were severely damaged or killed within 7 days after transplanting when the application rate of PL exceeded 26 g•kg -1 soil. Maximum dry matter yield of cabbage shifted from 26 to 106 g PL/kg soil during three successive crops. After four successive growth periods, 6% to 37% of N, 3% to 62% of Ca, 20% to 120% of K, 5% to 60% of Mg, and 3% to 25% of P added through PL was removed by plants. The decrease in water-extractable K accounted for the decrease in the soil salinity. Our results suggest that application rates of PL ≥ 53 g•kg -1 soil can result in elevated levels of salts and NH 3 in soil, which can produce severe salt stress and seedling injury.
sive applications of PL would only be a problem in sandy soils in the year of application with respect to crop growth (Liebhardt, 1976) . The highest yields of corn (Zea mays L.), corn forage, and sorghum (Sorghum bicolor L.) occurred in the second year after 224 t of PL/ ha was applied to soil (Liebhardt, 1976) . Nitrogen uptake by plants was primarily influenced by PL application rate. Ten percent to 12% of total N applied with PL was removed by the crops, and the percent N removed decreased with increasing application rate (Cooper et al., 1984) .
Reported crop responses to PL have been concerned with field crops. To our knowledge, no information about the effect of PL rates on vegetables is available. The objectives of this study were to determine the effects of PL rates on growth and nutrient uptake of collard grown in pots in a greenhouse and to determine the residual effects of PL on cabbage growth and nutrient uptake.
Materials and Methods
PL that included bedding material (wood shavings) was collected from a poultry house in northern Alabama. Total N content was 38.5 g•kg -1 0.85; 0.38; organic N, ) and total C, 391 g•kg -1 . The PL had a pH of 8.5 and a moisture content of 14%.
A bulk sample of the Ap horizon (0 to 15 cm) of a Wynnville sandy loam soil (fineloamy, siliceous, thermic Glossic Fragiudults) was collected from an idle field at the Sand Mountain Substation, Crossville, Ala. The soil had a pH of 5.2 and consisted of 59.2% sand, 31.0% silt, and 8.9% clay. Ammonium acetateextractable Ca or Mg was 1.6 and 0.16 cmol c / kg, respectively. A cation-exchange capacity (CEC) of 3.6 cmol c /kg was obtained by ammonium saturation (Rhoades, 1982a) . Soil N content was 0.5 g•kg -1 . Organic matter content of 24.1 g•kg -1 was determined indirectly by analysis of total organic C using the Walkley-Black procedure of rapid dichromate oxidation (Nelson and Sommer, 1982) and multiplying by a factor of 1.724 to convert organic C to organic matter content.
A percent field capacity (FC) approximation of 14% moisture was obtained by a modified method of Cassel and Nielsen (1982) as follows: A 500-g, air-dried soil sample was uniformly packed at a density of 1.2 g•cm -1 into a glass column; a known quantity of deionized water was added to the soil column; the amount of water added was based on 75% of estimated FC; the column was covered to prevent evaporation and allowed to drain and equilibrate for 48 h. When the wetting front had stopped, the distance from the top of the original dry soil column to the wetting front was measured. The FC was calculated by
where L is the amount of deionized water added (in milliliters), F is the distance between wetting front and the top of original soil height (in centimeters), D is the height of the original Land disposal of poultry litter (PL) from broiler chicken (Gallus domesticus) production has been an agricultural practice for years (Payne and Donald, 1991) . Land application of PL recycles nutrients and effectively disposes of waste. In Alabama, two types of poultry wastes are produced: broiler litter, which is a mixture of manure and bedding materials, such as wood shavings or peanut hulls and has a moisture content of ≈20%, and caged-layer manure, which is free from bedding materials and has a moisture content of ≈75% (Mitchell et al., 1989) . More than 25% of PL dry matter is water soluble and >50% of the N in PL is water soluble (Wilkinson et al., 1971) . The total N in PL in Alabama ranges from 3% to 4%, but >70% of total N in PL is in an organic form (Payne and Donald, 1991) .
Up to 60% of organic N in poultry excreta is in the form of uric acid, which will decompose slowly to NH 3 and CO 2 by aerobic organisms (Eno, 1966) . Before the organic fraction of N can be used by plants, it must be mineralized into inorganic forms (Wilkinson, 1979) .
More than 1 million tons of PL is produced annually in a small area of northern Alabama (Hinton, 1991) . Thus, PL is seen as a waste disposal problem by producers, and transportation costs restrict the distance that litter can be profitably transported. The end result is that in some areas PL is often spread on dormant and pasture lands at excessive rates in winter, which coincides with a high rainfall and low evapotranspiration season in Alabama (Thomas, 1976 ). Excess NO 3 -N and other nutrients are thus available to move into surface and groundwater, causing nonpoint source pollution of ground and surface waters (Weil et al., 1979) .
Research in states other than Alabama showed that heavy litter application to crop land has caused excessive buildup of soil P and eutrophication of surface waters due to runoff of excessive P (Wilkinson, 1979) , ammonia, and nitrite toxicities to germinating seeds (Siegel et al., 1975) , and growth-inhibiting levels of soil salinity (Shortall and Liebhardt, 1975) . High levels of nitrate-N and K in tall fescue (Festuca arundinacea Schreb.) tissue from land-applied litter at high rates increased the potential for grass tetany (Wilkinson et al., 1971 ), a metabolic disorder that can lead to death in grazing animals. However, the exces- air-dried soil in the column (in centimeters), and S is the oven-dried soil used (in grams).
Bulk soil was divided into two lots. One was limed according to the lime requirement method of Hue and Evans (1986) , and the other was used as a nonlimed control. Dolomitic limestone was added to the soil in a suspension at a rate of 3.67 g•kg -1 soil (Anderson and Hendrick, 1983) to bring soil pH up to 6.5. Each lot was carried through three 4-day cycles of wetting and air drying.
PL at 0, 13, 26, 53, and 106 g•kg -1 soil was incorporated into limed or nonlimed soil. No fertilizer amendments were added. Six kilograms of treated soil was placed in 0.28-m 3 plastic pots without drainage holes; water was added to maintain 25% soil moisture (dry weight basis), and pots were incubated for 1 week. Two 40-day-old collard seedlings were transplanted into each pot. Temperature was 32 ± 5C during the growing period. Soil moisture was adjusted daily (dry weight basis). Plants were harvested 52 days after transplanting, and the leaves, stems, and roots were separated. Soil was collected from four individual pots from each PL treatment for chemical analyses.
Soil from each initial PL treatment and replication was combined and thoroughly mixed, no further PL was added, and 6 kg soil was returned to each pot. Two 30-day-old cabbage seedlings were transplanted into each pot. One cabbage plant was harvested at 34 days and the other at 75 days after transplanting. Leaves and roots were harvested separately. Soil also was collected from individual pots for chemical analyses. Before the third cabbage crop was planted, commercial fertilizer (150N-60P-120K mg•kg -1 soil) was added to soil of the 0 PL treatment to adjust the fertilizer to original levels. No fertilizer was added to the soils amended with PL. After mixing soil from each PL treatment and replication and returning 6 kg to each pot, cabbage seeds were planted; seedlings were thinned to two plants 18 days after emergence. Cabbage plants were harvested 56 days after thinning. Leaves and roots were harvested separately. Soil was collected from individual pots for chemical analyses.
All plant tissue was oven-dried at 60C, weighed, and ground to pass through a 0.425-mm sieve. Leaf N was determined by a Kjeldahl method (Bremner and Mulvaney, 1982) . Mineral elements in leaves, stems, and roots were obtained by dry-ashing (Hue and Evans, 1986) . Concentrations of Ca, K, Mg, and P were determined by inductively coupled argon plasma (ICAP) spectrophotometry.
Soil samples collected from each treatment at each harvest were air-dried and ground to pass through a 0.84-mm sieve. Soil pH was measured on 1 soil : 1 water ratio of slurries. Soil samples were extracted with water to determine soluble Ca, K, Mg, P, and specific conductance (SC) (Petruzzelli et al., 1989; Rhoades, 1982b) . The extraction procedure was modified and used as follows: A ratio of 1 soil : 2 water suspension was shaken on a reciprocal shaker for 12 h. Samples were centrifuged for 20 min at 850× g to remove soil and organic material. The supernatant solution was centrifuged for 10 min at 16000× g, and finally filtered through a 0.2-µm nylon membrane filter under vacuum to remove suspended colloidal materials. The Ca, K, Mg, and P concentrations were determined by ICAP spectrophotometry. The electrical conductivity of the solution was measured with a conductivity bridge. The SC was calculated by the method of Hue and Evans (1986) , as follows:
where 1.4118 is the SC of the standard 0.01 M KCl; C std is the measured conductivity of the standard solution; C ext is the measured conductivity of the extracted solution. Total soil N was determined by a Kjeldahl method (Bremner and Mulvaney, 1982) . Extractable NH 4 -N and (NO 3 + NO 2 )-N concentrations were determined by a modified method of Keeney and Nelson (1982) . Samples at a 1:2 ratio of soil to 2 M KCl were shaken for 1 h. Suspensions were centrifuged for 20 min at 850× g and then filtered. Ammonium-N was obtained by steam-distilling the extract in the presence of a base solution. The distillates were collected into a 2% H 3 BO 3 -indicator solution. After removing NH 4 -N, (NO 3 + NO 2 )-N was obtained by distilling the extract in the presence of Devarda's alloy. The concentrations of NH 4 -N and (NO 3 + NO 2 )-N in the distillates were determined by titrating with 0.05 M HCl.
An estimate of the percentage of N and other nutrients absorbed by collard and cabbage plants at PL rates of 13 to 106 g•kg -1 soil was calculated using the following equation:
where %E est is the percentage of each nutrient absorbed; TN PL is the sum total of nutrients (grams per plant) obtained from PL for all growth periods; subscripts 1...i refer to each PL rate; TN ck is the sum total of nutrients absorbed in 0 PL; TNA PL refers to the total nutrients added in the PL.
The design was a split plot with four replications. Main plots were lime levels and subplots were PL at 0, 13, 26, 53, and 106 g•kg -1 soil and four growth periods. All treatment combinations were completely randomized.
All statistical analyses were performed using the Statistical Analysis System (SAS), version 6.03 (SAS Institute, 1988) . The general linear model (GLM) procedure using type III sums of squares was used to identify the significance of PL rates for one crop of collard and three crops of cabbage. The slope (β) of the regression line for each crop was tested by using the rate × growth period interaction when all growth periods were combined into one data set. When this interaction was not statistically significant, the regression lines presented are for data averaged over PL rates for each growth period. Orthogonal polynomial contrasts were used to determine whether the response to treatments was linear, quadratic, or both. Unless otherwise noted, all statistical tests were reported at P ≤ 0.05.
Results and Discussion
Collard growth and dry matter yield. Collard seedlings were severely stunted or killed in limed and nonlimed soils. With 53 or 106 g PL/kg soil, all collard seedlings died within 7 days after transplanting (Table 1) . However, the percentage of seedlings that survived decreased linearly as PL rates increased from 0 to 26 g•kg -1 soil (Table 1) . At 13 and 26 g PL/kg soil, ≈2 times as many seedlings survived in nonlimed as in limed soil. When the pH was 6.5 or above due to liming, the number of surviving seedlings decreased by 50% when compared to those in nonlimed soil. We attribute collard seedling death in this experiment to the initial high concentration of soil NH 3 and elevated salt content that occurred after PL application. In an aerobic incubation study (Lu, 1993) , 70% of organic N present in PL was mineralized during 28 days of incubation, and 650 to 1000 mg•kg -1 of NH 4 -N accumulated in the soil when PL application rate was ≥53 g•kg -1 soil. The cumulative NH 3 evolution reached 120 mg•kg -1 at 106 g PL/kg soil at the end of the 28 days of incubation. Emission of NH 3 gas was quadratically related to time after PL application.
The dry weights of collard seedlings are reported as grams per plant of surviving transplants. In limed soil, when 26 g PL/kg soil was applied, only one plant out of eight in the four replications survived (Table 1) . Since only one plant survived in this treatment, no regression analysis was conducted on dry weights. However, a comparison between the dry weight of leaves at 13 g PL/kg soil and 0 PL was made (P ≤ 0.05). The dry weight of leaves at 13 g PL/ kg soil increased by 59% when compared to 0 PL. In nonlimed soil, the dry weight of leaves increased linearly with increasing PL application rate (P ≤ 0.1). The dry weight of stems or roots was not significantly influenced by PL application rate. SC was not affected by liming. The soil SC was averaged over lime levels and increased linearly with increasing PL application rates for all growth periods (Fig. 1) . Because there was no statistically significant growth period × PL rate interaction between the initial values and the collard growth period, or between cabbage 1 and cabbage 2 growth periods, the regression lines presented are data averaged over PL rates. At 26 g PL/kg soil, the soil SC averaged 0.2 S•m -1 , which resulted in decreased plant survival and reduction in total dry weight of collard. Adding PL at 53 and 106 g•kg -1 soil increased soil SC up to 0.3 and 0.52 S•m -1 , respectively. High soil SC may have been a contributing factor in the death of collard seedlings. Hue and Evans (1986) reported that SC of 0.081 to 0.16 S•m -1 caused a reduction of 50% in yield of fruits, vegetable crops, some sensitive forage, and field crops. Only a few highly salt-tolerant grasses, herbaceous plants, shrubs, and trees grow when SC exceeds 0.3 S•m -1 . PL and liming both significantly influenced soil NH 4 -N. Because there was no statistically significant growth period × PL rate interaction for soil NH 4 -N between cabbage 2
The second cabbage crop was grown for 75 days after transplanting. Dry weights were highest at 26 and 53 g PL/kg soil. However, cabbage dry weight from 106 g PL/kg soil showed no statistically significant difference when compared to 0 PL (Fig. 3) . At 106 g PL/ kg, the soil SC was 0.24 S•m -1 (Fig. 1) , which may have inhibited plant growth. The maximum soil salinity without yield loss of the edible part of cabbage is 0.18 S•m -1 (Lorenz and Maynard, 1988) .
The third cabbage crop was grown for 56 days after thinning. The reduction in dry weights at 13, 26, and 53 g PL/kg soil may have been the result of insufficient N in the residual PL for maximum production of this crop.
Plant N uptake. The leaf N of collard increased quadratically with increasing PL application rate. Of the three successive cabbage crops, as PL application rate increased, leaf N concentration of cabbage 1 and cabbage 2 crops increased quadratically, but leaf N of cabbage 3 crop decreased quadratically (Fig.  4) . In the third cabbage crop, at 13 and 26 g PL/ kg soil, the leaf N of 9 g•kg -1 is considered below sufficient levels (22 to 31 g N/kg) for normal cabbage plant growth (Lorenz and Maynard, 1988 ) and contributed to reduction in dry matter yield of cabbage at these two PL rates.
The estimated total N from PL absorbed by one crop of collard and three crops of cabbage was calculated using Eq. [3] and was based on grams per surviving plant. The total N added to soil through PL was linearly related to application rate. However, the percentage of N absorbed by the plants decreased linearly with increasing PL application rate. As PL rate increased from 13 to 106 g•kg -1 soil, the percent N removed by plants decreased linearly from 37% to 6.3% after one crop of collard and three crops of cabbage.
Plant uptake of Ca, K, Mg, and P. Lime did not affect Ca, K, and P concentrations in the leaves and stems of collards; thus, the nutrient concentrations reported are averaged across limed and nonlimed treatments. At 13 and 26 g PL/kg soil, K ranged from 53 to 66 g•kg -1 in the edible portion of collard plants (data not shown), which was much higher than the K levels of 20 to 40 g•kg -1 in the midrib of wrapper leaves of cabbage under normal fertilizer levels reported by Lorenz and Maynard (1988) . The concentration of P in collard plants increased linearly from 8 to 14 g•kg -1 as PL rate increased from 0 to 26 g•kg -1 (r 2 = 0.97), while the concentrations of Ca and Mg in plants decreased from 42 to 36 g•kg -1 as PL rate increased (data not shown). The Ca concentration was much higher in leaves (average 30 g•kg -1 over PL treatments) than in stems (average 7.8 g•kg -1 ), indicating that Ca achieved distribution via the xylem to transpirational sinks.
The percentage of Ca, Mg, K, or P from PL absorbed by one crop of collard and three crops of cabbage was calculated using Eq. [3]. Since there was no statistically significant difference in the percentage of Ca and Mg absorbed by plants, the regression line shows --- levels of soil salinity, along with high concentrations of soil NH 3 , were the most important causes of toxicity to corn plants and yield reduction in corn forage. Effects of residual PL on cabbage growth. After collard plants were grown for 52 days and harvested, the first cabbage crop was grown for 34 days after transplanting. Lime did not influence dry matter production of any of the three successive cabbage crops; the dry weights reported are averages for limed and nonlimed treatments (Fig. 3) . In the first cabbage crop, residual PL in the soil from the 13, 26, and 53 g•kg -1 treatments did not stunt cabbage growth. High soil SC (0.48 S•m -1 ) and soil NH 4 -N under alkaline conditions (soil pH 7.4 to 7.6) may have caused toxic effects to the first cabbage crop at 106 g PL/kg soil. and cabbage 3 growth periods in limed soil and all three cabbage growth periods in nonlimed soil, the regression lines are data averaged over PL rates (Fig. 2) . When PL was incorporated at 53 or 106 g•kg -1 soil, the soil NH 4 -N ranged from 158 to 178 mg•kg -1 in limed soil and from 115 to 164 mg•kg -1 in nonlimed soil when collard plants were transplanted (Fig. 2) . At these two PL rates, initial soil pH was ≥7.5 (Table 2) , which favors the conversion of NH 4 -N to NH 3 . High concentration of soil NH 3 , combined with high soil salinity, may have resulted in severe damage to or death of seedlings. At 26 g PL/kg soil, the soil NH 4 -N was 80 mg•kg -1 in limed soil with pH 7.5, and 57 mg•kg -1 in nonlimed soil with pH 7.1. Research reported by Shortall and Liebhardt (1975) and Hileman (1971) showed that high the mean of Ca and Mg. The percentage of Ca, Mg, K, and P absorbed by plants decreased linearly with increasing PL application rate (Fig. 5) . After four successive crops, ≈3% to 62% of Ca, 4.5% to 60% of Mg, and 3% to 25% of P added through PL were removed by plants. The crops absorbed not only K added through PL, but also some of the soil K when 13 or 26 g•kg -1 soil was incorporated into soil; thus at 13 and 26 g PL/kg soil, the plants absorbed 110% to 125% of soil K after four successive crops (Fig. 5) .
The estimates of plant recovery of nutrients from PL were calculated by Eq. [3]. This equation approximately described the relationship between the nutrients absorbed and PL application rates. However, Eq. [3] had two assumptions. In an incubation study , soil extraction of nutrients was linearly related to PL application rate. Thus, we assumed that the initial concentration of soil nutrients was not altered by PL application and plants in PL-treated pots absorbed the same proportion of nutrients as plants at 0 PL, and additional nutrients in plant tissue were a result of nutrients absorbed from PL. Plants grown in PL-amended soil may actually absorb more nutrients from PL than from soil because the nutrients in PL may be more available for plants than nutrients in soil. Second, we assumed each successive growth period did not affect the ratio of nutrients absorbed by plants at 0 PL. In some cases, these assumptions can lead to over-or underestimation of nutrient recovery from PL.
Water-extractable P, K, Ca, and Mg. The increased K removed by plants resulted in decreases of 93% to 71% in water-extractable K (data not shown), resulting in reduction in the soil SC. The SC was linearly related to the concentration of water-extractable K (y = -97.3 + 338.7x) (r 2 = 0.99). We attributed the decrease in water-extractable K to removal of K by the plants since plants were grown in pots without drainage holes.
Water extraction of soil is used to give an approximation of soil solution values (Adams, 1974) . Soil solution is the medium in which most soil chemical reactions occur, and from which roots obtain nutrients.
After four successive crops, as PL rate increased from 13 to 106 g•kg -1 , soil levels of water-extractable P decreased from 52% to 19%, water-extractable Ca decreased from 92% to 55%, and water-extractable Mg decreased from 92% to 45%. Decreases in waterextractable P, Ca, and Mg may have resulted from removal by plants and also by precipitation of P, Ca, and Mg under alkaline soil conditions (pH > 7.2). Phosphorus in PL is mainly in the organic form and becomes available to the plant slowly (Beegle, 1988) . In a 140-day incubation study, water-extractable P remained at <8 mg•kg -1 during the first 6 weeks of incubation, but the concentration of water-extractable P had increased to >50 mg•kg -1 after 6 weeks of incubation. During this period, the extractable Al decreased from 300 to 2 mg•kg -1 . However, under alkaline conditions, the decrease in water-extractable P, Ca, and Mg may be attrib- ents needed for each crop should be added before planting that crop, rather than trying to supply nutrients for more than one crop by applying elevated PL rates. With higher PL application rates (≥53 g•kg -1 ), soil salinity and NH 3 in soil are probably the major causes of collard seedling death. Residual PL in soil amended with 13 to 53 g•kg -1 soil did not cause toxicity to the first cabbage crop. The soil SC was reduced largely by plant absorption in this experiment. The decrease in water-extractable K accounted for the decrease in the total soil salinity. Application of 13 g PL/kg soil to the sandy loam soil used in this study is more efficient in terms of nutrients absorbed by crops of collard and cabbage than when PL application rates are ≥53 g•kg -1 soil. levels and NH 3 concentrations (Lu, 1993) in soil that resulted in stunted or dead plants. The N from PL was used more efficiently by succeeding crops when the soil pH was >6.5; the volatilization of NH 3 was reduced due to the conversion of NH 3 to the NH 4 -N that could be absorbed by succeeding crops. Also, N use efficiency generally declined as the PL rate was increased beyond the requirements for maximum dry matter production. For more efficient nutrient use, it appears that the nutriuted to the precipitation of Ca-P, Mg-P, CaMg-P, or Al-P complexes (Lu, 1993; .
Conclusions
Our results suggest that PL can be used as a plant nutrient source for vegetable production. The optimum PL rate for one crop appears to be 13 g•kg -1 soil. When this PL rate was exceeded, we encountered elevated salt 
